Abstract: This experiment demonstrates the process for manufacturing a ZnO honeycomb sub-wavelength structure using nanosphere lithography technology exhibiting excellent anti-reflection properties from the UV to NIR wavelength regions. This honeycomb nanostructure, combined with commercially available crystalline Si solar cells, show substantially improved conversion efficiency from 15.6% to 16.6% using optimized honeycomb sizes and precursor concentrations of ZnO. The present work develops an unsophisticated and economical technique suitable for industrial applications in producing a uniform and low-reflective texture. Zhu, "Enhanced photocatalytic activity of hierarchically micro-/nano-porous TiO2 films," Appl. Catal. B 83(1-2), 24-29 (2008).
Introduction
To fabricate solar cells with high conversion efficiency, the reduction of reflectivity at the surface of solar cells is very important. Anti-reflection (AR) layers with ordered micro/nanostructured arrays of uniform shapes and sizes have attracted growing interest recently because of their applications in light harvesting [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The inverted pyramid surface texturing has been experimentally proven to be very effective in trapping light by total internal reflection. An increase of the solar cell's effective optical thickness by a factor as high as 40 has been demonstrated [12] . However, such surface texturing relies on anisotropic etching to expose intersecting {111} crystal planes forming pyramid sides, making this approach unsuitable for multi-crystalline (mc-Si) substrates.
Honeycomb texturing has recently been demonstrated to improve both the transmission of photons into active layers of the semiconductors and the coupling of normally incident photons into the lateral, optically confined paths within the P-N junction layer, resulting in the increased photon absorption, photo-current generation, and power conversion efficiency of the cell [13] [14] [15] . This structure gives the maximum well packing density, reducing surface re〉ection through the so-called double bounce effect. Cells with a honeycomb structure of hemispherical wells have shown a slightly higher reflection with respect to the passivated emitter, rear locally diffused cells, particularly at the highest angles of incidence, but a better transmittance relative to the normal incidence up to 60° in the 500 nm to 600 nm wavelength range [15] . An improved efficiency of 19.8% for a mc-Si solar cell with an incorporated hexagonally symmetrical "honeycomb" surface texture was reported [13] . More recently, a novel honeycomb texturization method by combining laser patterning and wet chemical etching has achieved 18.6% efficiency in mc-Si solar cells with a micrometer-scale hexagonal pattern [14] .
The size of the hemispherical wells in the honeycomb structure used in previous studies is typically approximately 14µm to 20µm [14] [15] [16] . However, the chemical wet etching method used to generate the honeycomb structure is incapable of precisely controlling the size of hemispherical wells and substrate material. The lithography process is also complicated and is not applicable to large-scale and high throughput industrial production.
On the other hand, nanoporous AR surfaces with domain sizes smaller than the wavelength of light have been demonstrated as an effective AR coating with tunable effective refractive indices [17, 18] . A nanoporous film with a refractive index as low as 1.14 was prepared from a polystyrene-poly (methyl methacylate) diblock coplymer mixture, which showed a broadband AR coating with a transmission of 99.7% [18] . A single layer submicrometer-sized SiO 2 particle was used to provide a porous structure with low refractive index, which induces the AR effect [17] . Nevertheless, nanoporous AR films have never been successfully demonstrated on practical solar cells.
By combining the honeycomb effect (or double bounce effect) with nanopore surface characteristics (high surface areas and low average refractive indices), substantial enhancement on cell efficiency is expected with the integration of the nano-scale honeycomb AR coating. The present work demonstrates a self-assembled nanoparticle lift-off technique [11, [19] [20] [21] [22] [23] [24] that can uniformly cover the surface of conventional crystalline Si (c-Si) solar cells with a nano-scale honeycomb structured layer (NHSL) of zinc oxide (ZnO) to achieve the goal of manufacturing the abovementioned AR coating in a high-speed, inexpensive, and reproducible manner. Most importantly, this technique is not limited by the substrate materials. The current research also investigates the performance of c-Si solar cells incorporated with the NHSL using dielectric polystyrene (PS) nanospheres with particle sizes ranging from 100 nm to 500 nm. The coexistence of the nano/micro scale surface texture on the commercial c-Si cells is proved to enhance the cell efficiency and light harvesting capability further.
Experiment process
The c-Si solar cell used in the present study was prepared by the following commercial fabrication processes. The p-type Si wafers were roughened using potassium hydroxide (KOH), resulting in damage etch with no additional texturization. A 500 nm n-type layer was created on the texture by POCl 3 diffusion using a centrotherm tube furnace to form the p-n junction, followed by the depositing of a thin anti-reflection layer of 80 nm SiNx using a centrotherm direct plasma-enhanced chemical vapor deposition furnace. The front-and rearside finger and bus bar contacts were screen-printed using standard, commercially available lead containing Ag, Al, and Ag+Al pastes using a semi-automatic ATMASC 25PP printer. The cells were fired using a fast firing conveyor belt furnace at an optimal firing temperature of 850 °C to facilitate contact between the fingers, bus bars, the N-and P-type regions for maximum performance. Finally, the cell edges were isolated using a 532 nm Nd:YAG laser cutting tool.
PS nanoparticles (purchased from the Golden Innovation Corp.) with diameters of 100, 250, and 500 nm were first dispersed in a surfactant (mixture of MA/X-100 with a ratio of 400:1 by weight) to yield a 2.5 wt % suspension solution. Large-area colloidal crystal multilayers (over 7.0 cm 2 ) were formed on the cell surface by a self-assembly process because of the van der Waals force [25] with a custom-built spin coater. Zn(Ch 3 COOH) 2 solutions with different concentrations were prepared from Zn(Ch 3 COOH) 2 •2H 2 O) dissolved in distilled water.
The PS colloidal crystal multilayers were first deposited on the solar cell surface as a mask for the subsequent lift-off process. A drop (approximately 300µl) of the Zn(Ch 3 COOH) 2 solution was dripped on the 3D colloidal crystal multilayers using a quantitative pipette. The solution was able to inltrate into the interstices between the cell surface and PS colloidal multilayers. The sample was then placed into an oven and dried at 85 °C for 2 hours, followed by heating at 300 °C for 1 hour to burn off the latex spheres and decompose the Zn(Ch 3 COOH) 2 into ZnO. The burning temperature was kept adequately low so that the Si pn junction underneath will not be affected. Figure 1 shows a schematic diagram of the formation of ZnO NHSL on the micro-textured cell surface. Fig. 1 . Schematics of the fabrication processes for the 3D nano-scale honeycomb structures on micro-scale texture.
The NHSL was patterned on top of the commercially processed c-Si solar cells with a light absorption area of 1.5 cm × 1.5 cm. All solar cell devices with and without the NHSL were evaluated at room temperature based on the illuminated current density versus voltage (J-V) characteristics, the external quantum efficiency (EQE), and the reflectance. The photocurrent was analyzed using a solar simulator under the Air Mass 1.5 Global (AM 1.5 G) illumination condition (100 mW/cm 2 , 25 °C). The EQE was measured using an AM 1.5 G standard spectrum and an Optosolar simulator (SR-150). The reflectance spectra of the samples were recorded using a UV-Visible-NIR spectrophotometer (Hitachi U-4100) for wavelengths ranging from 200 nm to 1200 nm. X-ray diffraction (XRD) and the energy disperse spectrum of X-rays (EDS) of the samples were measured on a Bruker AXS D8 advanced automatic diffractometer with Cu Kα radiation and Oxford INCA Energy 350, respectively. The Raman signals from the samples were collected through a confocal microscope and analyzed using a spectrometer equipped with a liquid nitrogen (LN)-cooled charge-coupled device detector at the excitation wavelength of 488 nm.
Results and discussion
In Fig. 2 , the scanning electron microscope (SEM) image shows that the as prepared ZnO NHSL AR film (using the 250 nm PS nanoparticle as the hard mask) contains ordered 3D structures of nano-scale honeycombs with a thickness of 2 to 3 layers on the c-Si cell surface. The enlarged SEM image in the inset of Fig. 2 clearly shows that the NHSL displays a hexagonal close-packed alignment with a periodicity of 250 nm and approximately a hollow hemispherical shape with a diameter of 240 nm. and 576 cm −1 are attributed to the E 2 (high), and A 1 (LO) phonons, respectively. The peak at approximately 330 cm −1 is attributed to the second-order Raman processes [26] . No TO phonons were observed in the Raman spectrum, indicating that the characteristics of the NHSL are similar to the ZnO nanocrystals reported in Ref [26] . From the analysis of the EDS, as shown in Fig. 4 , the NHSL is found to be made of ZnO. However, the XRD pattern shown in the inset of Fig. 4 displays no diffraction peaks, further confirming that the NHSL is unlikely to be in the crystalline phase because of the low growth temperature at 300 °C. Absorption and photoluminescence spectra (not shown) were also measured from the ZnO NHSL reproduced on a transparent substrate. The NHSL only shows an insignificant UV absorption near the ZnO band edge. A very weak yellow emission centered at 579 nm attributed to the presence of oxygen interstitials is also found in the PL spectra, which is a common feature in samples is prepared using simple chemical methods [27, 28] . The overall light transmission through the transparent substrate is enhanced with the presence of the NHSL.
To determine the best combination, NHSL with PS particle sizes of 100, 250, and 500 nm and different precursor concentrations of Zn(Ch 3 COOH) 2 (i.e., 0.05, 0.1, 0.15, 0.2 and 0.3 M, respectively) was used in the experiment at a fixed spin rate and dose. Figures 5 (a)-(c) show the reflectance of the NHSL with different particle sizes and precursor concentrations at a fixed spin rate and dose volume. The reflectance spectrum of cells without NHSL is also displayed in parallel for comparison. The reason for reduction in the reflectance shown in Fig.  5 is twofold. First, in the visible and IR regions, the effective refractive index is low because of the sub-wavelength nanoporous structures of the NSHL [18] . Second, for the UV light, the nano-scale honeycombs allow the multiple scattering of photons through the film, thus increasing the optical path [12] [13] [14] .
The optimized precursor concentrations for 100, 250, and 500 nm particle sizes were 0.05, 0.1 and 0.15 M, respectively, before the surface turns semi-opaque. Figure 6 shows the corresponding FESEM images of the NHSL. The images show that the average pore diameters on the NHSL are 90, 240 and 490 nm for the 100, 250, and 500 nm PS nanoparticles at the precursor concentrations of 0.05, 0.1, and 0.15 M, respectively. Figure 7 shows the maximum enhancement of the absorbed power in the c-Si solar cells with the NHSL obtained after the optimization of the PS nanoparticle sizes and precursor concentrations. The best overall power conversion efficiency, η, increases from 15.6% to 16.6%. The increase in the conversion efficiency of the solar cells with the NHSL are 1.0%, 0.7%, and 0.4% for the 100, 250, and 500 nm PS nanoparticle sizes, respectively.
The highest efficiency increase of 1.0% was achieved when the solar cell surface was coated with the NHSL AR layer with a 90 nm pore diameter. However, the enhancement factors began to drop when the pore sizes on the NHSL increased. This phenomenon is attributed to the reduction in porosity (or surface to volume ratio) as the diameters of pores are increased [18] . The proposed NHSL, which acts similar to "nanopore thin film", has the following advantages over the conventional AR thin films. First, the hierarchically structured NHSL has a higher surface-to-volume ratio, facilitating the scattering of photons into the porous structure. The second advantage is that the structure is also strongly light scattering, resulting in multiple passes of photons through the film, thus increasing the light absorption [29] [30] [31] . Fig. 5 . Reflectance spectra at maximum performance of solar cells integrated with NHSL with PS nanoparticle sizes of (a) 100 nm, (b) 250 nm and (c) 500 nm at different precursor concentrations of ZnO. The spectrum of an untreated device is also presented in parallel for comparison. The EQE of the c-Si solar cells coated with NHSL of different pore sizes are measured and compared with the cells without NHSL. Figure 9 shows the results. The increase in photocurrent clearly results from the enhanced absorption of light by the active layer. The EQE measurements are in agreement with the reflectance results wherein light harvesting is improved in the wavelength ranges of 400 and 1100 nm because of the presence of NHSL. The EQE achieves over 95% within a broad wavelength range from 400 nm to 800 nm, showing a signicant improvement over conventional cells. 
Conclusion
In conclusion, a viable solution to enhance light harvesting by applying nano-scale honeycomb structures on a commercial c-Si solar cell was demonstrated. Cells integrated with the NHSL were found to achieve over 95% external quantum efficiencies within a broad wavelength range from 400 nm to 800 nm and an efficiency increase of 1.0%. The manufacture of such cells is inexpensive and reproducible, without the need for specialized equipments. The process would be suitable for industrial applications with respect to the lithography process utilized for producing a uniform, low-reflective texture on Si wafers.
